I. INTRODUCTION
There is a need for high purity signal generation in modern wireless communication systems and radar systems. In the systems using advanced modulation formats, e.g., higher order QAM, the phase noise of the voltage-controlled-oscillator (VCO) is one of the bottle necks impinging system performance [1] .
A key property for design of low phase noise oscillators is the power handling capability of the active device. A transistor technology with particularly high breakdown voltage is GaN HEMT. A VCO based on GaN HEMT technology can theoretically reach very low phase noise. A number of GaN HEMT VCOs have been reported [2] [3] [4] , but none of them present performances near the theoretical limit, and in particular the performances reported are yet not comparable to other technologies such as GaAs-InGaP HBT.
A major challenge in the design of low-phase noise GaN HEMT oscillators is the relatively high flicker noise which is up-converted to phase noise around the microwave carrier [5] . However, it is recently demonstrated for fixed-frequency GaN HEMT oscillators, that fairly low phase noise can be reached if the resonator impedance is well matched to the active device and the bias condition is carefully selected to avoid extensive flicker noise problems [6] [7] .
In this paper, a medium bandwidth GaN HEMT MMIC VCO with good phase noise and fairly linear tuning is demonstrated. The VCO is designed based on a balanced Colpitts topology. It has a tuning range of more than 15% over a frequency band from 6.45-7.55 GHz. The achieved phase noise at 1 MHz offset is better than -130 dBc/Hz over the tuning range which is comparable to the performance of GaAs-InGaP HBT VCOs.
II. OSCILLATOR DESIGN
The oscillator was designed and fabricated in UMS's GH25-10 GaN MMIC HEMT process, with a f T ≈ 30 GHz. In Figs. 1(a) and 1(b), respectively, the schematic and chip photo of the designed VCO are shown. The common gate balanced Colpitts topology is chosen since it is known for low up-conversion of flicker noise. Some experimental work have also shown that the balanced Colpitts topology provides low phase noise for MMIC oscillators [8] and it is suitable for wideband tuning [9] . The transistor size is 2 × 50 µm. The component values in the schematic are chosen for optimum phase noise. The tapping ratio of the capacitive divider in Fig Extracted varactor capacitance and Q-factor at 10 GHz versus the tuning voltage of the 8× 50 µm varactor.
III. EXPERIMENTAL RESULT

A. Varactor characterization
The 8 × 50 µm GaN varactor was characterized with two-port S-parameter measurements. The varactor capacitance C(V) and quality factor Q(V) versus the tuning voltage are extracted at 10 GHz and are presented in Fig. 2 . The Q-factor is extracted from a Deloach test structure based on the method in [11] . It can be seen that the Q-factor is poor for bias voltage > -5 V. Thus, the useful tuning range is defined to be between -5 V to -40 V.
Below -25 V, the capacitance variation of the varactor decreases significantly.
B. VCO measurements
The designed VCO is characterized using an FSUP50 signalsource analyzer from Rohde & Schwarz. The low-noise internal bias supplies of the FSUP are used for gate and drain biasings while the varactor voltage is biased with an external battery up to 50 V.
First of all, the gate and drain bias voltages are swept from -2.2 to 0 V and from 6 to 10 V, respectively while the bias voltage across the varactor is fixed at -10 V in order to find the optimum bias point for lowest phase noise. It is found that a drain voltage of 6 V gives the best phase noise. Fig. 3 presents the drain current versus the gate voltage for different drain voltages. It is seen that the current of this VCO can be controlled well with the gate voltage. Then, the gate and drain voltages are held constant at -2 V and 6 V, respectively, while tuning voltage across the varactor now is swept from -8 V to -38 V. Fig. 4 shows the measured oscillation frequency versus varactor voltage compared to simulated result. The measured oscillation frequency is shifted down roughly 10% compared to simulation. Likely, this shift is due to parasitic resistance and coupling effects. Nevertheless, it can be seen that the tuning shape agrees well between measurement and simulation. The VCO has a tuning range about 15% (6.45-7.55 GHz). Fig. 5 presents the measured and simulated output power versus tuning voltage of the varactor. The measured power is 1.5 dBm higher than the simulated. Like the oscillation frequency, the shape of measured and simulated output power agree well. The output power varies from -2 dBm to 2 dBm. The measured phase noise @ 1MHz offset versus varactor tuning voltage can be seen together with the oscillation frequency in Fig. 4 . It is found that the measured result is about 2-4 dB higher than in the simulation. TABLE I shows a comparison of this VCO versus other fully integrated GaN and GaAs-InGaP VCOs reported in open literature. The phase noise performance @ 100 kHz and @ 1 MHz offsets of this VCO is better than other MMIC GaN VCOs, for comparable frequency. The 1 MHz phase noise performance is also in the same level as good MMIC GaAs-InGaP HBT VCOs [9, 12] .
C. Phase noise simulation
As mentioned above, Agilent ADS is used for the simulations. The phase noise simulation in ADS works fine when there is no flicker noise in the active device. To accurately predict the phase noise of a GaN HEMT oscillator, this work addresses the method proposed in [10] . To apply this method, a low-frequency noise (LFN) measurement and oscillator waveforms from HB, i.e. transistor intrinsic current, tank resonance current, tank resonance voltage, are required. The LFN measurement setup used is presented in [13] . Fig. 7 shows the measured low frequency noise of the 2 × 50 µm HEMT and 1/f noise model at V d = 6 V and V g is swept from -3.8 to -2.8 V. The 1/f noise model is defined as:
where I d is the DC drain current, A f is the current dependency factor, K f is level fitting and F fe is the frequency dependent power factor. The extracted values are: K f = 1.3e -10 , A f = 0.8, F fe = 1.3. 
IV. CONCLUSION
This paper reports on a medium tuning range (15%) MMIC GaN HEMT based VCO with nearly constant output power, high tuning linearity, and a 1 MHz offset phase noise that is better than state-of-the-art InGaP HBT VCOs with comparable tuning range. This work demonstrates the feasibility of wide tuning range and low phase noise VCOs in GaN HEMT MMIC technology. 
